Immunoglobulin superfamily (IgSF) members account for a large proportion of cell adhesion molecules that perform important immunological functions, including recognizing a variety of counterpart molecules on the cell surface or extracellular matrix. The findings that CD155/poliovirus receptor (PVR) and CD112/nectin-2 are the ligands for CD226/platelet and T-cell activation antigen 1 (PTA1)/DNAX accessory molecular-1 (DNAM-1), CD96/tactile and Washington University cell adhesion molecule (WUCAM) and that CD226 is physically and functionally associated with lymphocyte function-associated antigen-1 (LFA-1) on natural killer (NK) and activated T cells have largely expanded our knowledge about the functions of CD226, CD96, WUCAM and LFA-1 and their respective ligands, CD155, CD112, intercellular adhesion molecule (ICAM)-1 and junctional adhesion molecule (JAM)-1. The interactions of these receptors and their ligands are involved in many key functions of immune cells including naive T
INTRODUCTION
The concept of the immunoglobulin superfamily (IgSF) was proposed in the 1980s.
1 IgSF molecules are generally transmembrane glycoproteins; a large proportion of these are cell-adhesion molecules. IgSF members recognize counterpart molecules by three mechanisms: the interaction of IgSF members with each other, the interaction of IgSF members with integrin family members (e.g., intercellular adhesion molecule (ICAM)-1/lymphocyte function-associated antigen (LFA)-1, ICAM-1/Mac-1, vascular cell adhesion molecule -1/very late antigen-4 and vascular cell adhesion molecule-1/a4b7) and the interaction of IgSF members with other molecules (such as mucosal addressin cell adhesion molecule-1/L-selectin, mucosal addressin cell adhesion molecule-1/CD44, CD166/CD6, B-and T-lymphocyte attenuator (CD272)/herpesvirus entry mediator and CD47/thrombospondin). Interactions between IgSF members can be homophilic (CD31/ CD31, CD56/CD56, neural cell adhesion molecule-1/neural cell adhesion molecule-L1 and CD66/CD66), between members with high homology (e.g., CD2/CD48, CD2/CD58 and CD244/CD48 within the CD2 subfamily), or heterophilic (CD4/MHC II, CD8/MHC I, CD28/B-7 and ICOS/ICOSL). In this review, we propose a novel cell interface consisting of homologous IgSF members, including two receptors, CD226 and CD96, two ligands, CD112 (nectin-2) and CD155 (poliovirus receptor, PVR), and their membraneassociated integrins, CD11a/CD18 (LFA-1) and avb3, with multiple immunological functions.
LIGANDS FOR CD226 AND CD96
Nectin-2/CD112 has been identified as a ligand for CD226, whereas PVR/CD155 serves as a ligand for both CD226 and CD96 receptors. In addition, ICAM-1 and JAM-1 are the ligands for LFA-1, which is physically and functionally associated with CD226 on NK and activated T cells.
The human nectin family
Human nectin family members are Ca 21 -independent immunoglobulin (Ig)-like adhesion molecules that homophilically or heterophilically trans-interact and cause cell-cell adhesion. The extracellular region of nectins is composed of three Ig-like domains: the V, C1-like and C2 types. Each nectin member can form homo-cis-dimers, followed by the formation of trans-dimers. 2 The nectin family consists of nectin-1, -2, -3 and -4, among which nectin-1, -2 and -3 were named poliovirus receptor-related protein-1 (PRR-1), PRR-2 and PRR-3 and assigned as CD111, CD112 and CD113, respectively.
3 Thus far, heterophilic interactions among nection-3/nectin-1, nectin-3/nectin-2, nectin-1/nectin-4 and nectin-3/PVR have been found. region. 2, 5 CD155 and CD112 are constitutively expressed at low levels on epithelial and endothelial cells. Recently, PVR/necl-5/CD155 was found to be overexpressed in tumor-cell lines and primary tumors showing tumor-cell invasion and migration. 6, 7 The human JAM family The human junctional adhesion molecule (JAM) family is composed of JAM-1, JAM-2 and JAM-3, which show similar extracellular structures and high homology with respect to the V and C2 domains. They also participate in common homotypic interactions 8 and were recently termed CD321, CD322 and CD323, respectively, at the Eighth International Conference on Human Leukocyte Differentiation Antigen. 3 The contribution of JAM-1/CD321 to epithelial tight junctions and its expression by endothelial cells have been well described. It has also been confirmed that JAM-1/CD321 is a ligand for LFA-1 (aLb2) and participates in LFA-1-dependent trans-endothelial migration of leukocytes, 9 while JAM-2/CD322 and JAM-3/CD323 on endothelial cells can bind integrins very late antigen-4 (a4b1) and Mac-1 (aMb2) on leukocytes, respectively. 10 Thus, JAM-1/CD321-mediated junctional integrity and endothelial permeability are attributed to its ability to form homophilic interactions, while its heterophilic interaction with LFA-1 plays a key role in leukocyte transmigration. 9, 11 In addition, like CD155, JAM-1/CD321 also forms a complex with the avb3 integrin on the surface of endothelial cells. 12 
NOVEL RECEPTORS FOR PVR/CD155 AND NECTIN-2/CD112
Platelet and T-cell activation antigen 1 (PTA1)/DNAX accessory molecule-1 (DNAM-1)/CD226 is the receptor for both PVR/CD155 and nectin-2/CD112 ligands, while tactile/CD96 is the only receptor for PVR/CD155. LFA-1 is physically and functionally associated with CD226 on natural killer (NK) and T cells. In this regard, we would also like to consider this integrin molecule as a receptor upon the interaction of NK cells or T cells with target cells or endothelial cells.
PTA1/DNAM-1/CD226 CD226 was initially described as T-lineage-specific activation antigen 1, involved in the differentiation of human cytotoxic T cells from their precursors. 13 Subsequently, this molecule was identified on platelets and was shown to be involved in platelet activation and aggregation; hence, it was renamed as PTA1. 14 In the 1990s, PTA1 was cloned by two independent groups and the DNAX group called it DNAM-1. 15, 16 The PTA1/CD226 gene is located on chromosome 18q22-23 and is a 65-kDa transmembrane glycoprotein consisting of an extracellular region with two Ig-V-like domains, a transmembrane region and a cytoplasmic region containing tyrosine-and serine-phosphorylated sites. 15, 16 The CD226 expression on T cells and cytotoxicity of cytotoxic lymphocyte are upregulated by IL-2, IL-15 and tumor-necrosis factor-a and downregulated by transforming growth factor-b. 17 Transcription factors such as activator protein-1 and Ets might participate in the regulation of CD226 expression. 18 Importantly, CD226 is physically and functionally associated with LFA-1 on NK cells and activated T cells, and crosslinking of LFA-1 induces tyrosine phosphorylation of CD226, suggesting that CD226 is important for costimulatory signals initiated by LFA-1 ligation. 19 This finding was further supported by the fact that the dynamic assembly of the LFA-1-PTA1 complex is formed via intracellular interaction following T-cell activation. 20 CD226 is highly conserved among humans, apes, monkeys and mice, suggesting that it has important evolutionary biological functions (Figure 1) . 21 In 2003, PVR/CD155 and PRR-2/ nectin-2/CD112 were identified as ligands for CD226. 22 This finding dramatically highlighted the molecular mechanism of CD226-mediated functions. Recently the interaction of murine CD226 with the PVR homolog was also identified in the murine system. 23 
Tactile/CD96
In 2004, CD96, T-cell activation increased late expression (tactile), was also found to be another receptor for PVR/CD155. 24 Notably, CD226 and CD96 share a very high homology with a common structural feature; all extracellular domains are V-like (three V domains for CD96 and two V domains for CD226). Although CD96 was cloned in 1992 and belongs to the T-cell activation antigen family, 25 its function was unknown until PVR/CD155 was identified as a ligand for CD96 and the interaction of CD96 with CD155 was shown to be involved in NK cell adhesion to target cells and cytotoxicity. Thus, the existence of a dual-receptor system (CD226 and CD96) that could recognize PVR/CD155 further underlies the crucial role of this ligand in NK-mediated recognition of target cells. 24 Washington University cell adhesion molecule Washington University cell adhesion molecule (WUCAM) is another recently identified novel receptor for PVR/CD155. 26 WUCAM sequences aligned with nectin-1-4, PVR/CD155, CD226 and CD96 in the distal Ig-V-type domain, according to the National Center Biotechnology Information cDNA database. WUCAM has a single Ig-V-type domain, a transmembrane-spanning sequence and a short cytoplasmic tail. Similar to nectins and nectin-like molecules, the cytoplasmic domain of WUCAM also exhibits a putative type-I PSD-95/discs large/zona occludens-1-binding motif. Furthermore, the interaction between WUCAM on human follicular B helper T cells and PVR/CD155 on follicular dendritic cell (DC) within the germinal center mediates adhesion of T follicular helper cells to follicular DCs and might facilitate the generation of T-cell-dependent antibody responses.
26

CD226 AND LFA-1 FORM A CELL INTERFACE GUARDING THE REGULATION OF SIGNAL JUNCTIONS
LFA-1 is recruited into lipid rafts during T-cell activation and is involved in the formation of peripheral supramolecular activation clusters that surround central supramolecular activation clusters at the immunological synapse. [27] [28] [29] Stimulation of T cells with anti-CD3 induces physical association of CD226 with LFA-1, for which the serine phosphorylation of human CD226 at residue 329 is responsible. Protein kinase C phosphorylates Ser 329 of CD226 and plays a critical role for both CD226 adhesion and signaling. 30 Once LFA-1 and CD226 associate with each other, crosslinking with LFA-1 induces tyrosine phosphorylation of human CD226 at residue 322, for which the Fyn protein tyrosine kinase is responsible, mediating costimulatory signals for triggering T-cell differentiation and proliferation. Serine 329 of human CD226 is required for lipid raft recruitment of CD226. 30, 31 More recently, results from mouse models also demonstrated that LFA-1 is necessary for recruitment of CD226 into lipid rafts. Furthermore, serine phosphorylation of murine CD226 is mainly required for the association of CD226 with LFA-1, which allows CD226 entry into lipid-raft compartments. 32 Strikingly, CD226, nectin-2 and JAM all contain PDZ-binding domains at their C-termini, and all of them have been shown to bind different putative type-I PSD-95/discs large/zona occludens-1-containing proteins. 20, 33, 34 In resting T cells, CD226 binds the carboxyl-terminal domain of isoforms of the actin-binding protein IgSF members' interface with multiple immunological functions ZW Xu and BQ Jin 12 4.1G, which is known to associate with the membrane-associated guanylate-kinase homolog, human discs large. Upon T-cell stimulation with phorbol ester, a ternary complex among CD226, human discs large, 4.1G and the cytoskeleton is formed. These dynamic associations provide the structural basis for a regulated molecular adhesive complex that serves to cluster and transport LFA-1 and associated molecules. 20 
INTERACTION OF CD226 AND CD96 WITH THEIR LIGAND MEDIATES MULTIPLE IMMUNOREGULATION MECHANISMS
Based on the accumulating evidence provided in this review, we propose a concept of a novel cell interface or platform consisting of CD226 and CD96 receptors, their ligands, PVR/necl-5/CD155 and PRR-2/ nectin-2/CD112, and membrane-associated molecules LFA-1 and avb3. The interaction of these receptors with their ligands is involved in many important immunological functions. The features of the structure, the interaction and functions of these receptors and ligands are described below.
There is a high homology between PVR/necl-5/CD155 and PRR-2/ nectin-2/CD112 and their receptors. Both human CD155 and CD112 genes are located on chromosome 19q13.2-13.4.
2 Dendrogram analysis of V domains from IgSF members indicates that CD226, CD96, CD155 and CD112 are closely related (Figure 2) . Therefore, the interaction of these ligands and receptors is very similar to that within the CD2 subfamily; members of this family also share a high homology and interact with each other. 35 Interestingly, some integrin family members interact with CD226, PVR/necl-5/CD155 and JAM-1/ CD321. In addition to the interactions between LFA-1 with CD226 and LFA-1 and JAM-1, CD155 and JAM-1 associate with avb3 on endothelial cells, mediating the adhesion of endothelial cells to extracellular matrix vitronectin and fibronectin (Figure 3 ). Crossrecognition exists between these ligands and receptors. As mentioned before, CD226 can bind PVR/necl-5/CD155 and PRR-2/nectin-2/ CD112, while CD155 can be recognized by two receptors, CD226 and CD96. LFA-1 (aLb2) constitutively associates with CD226 on NK cells and on activated T cells and could bind ICAM-1/CD54 and JAM-1/CD231 expressed on endothelia cells (Figure 3) . Surprisingly, the CD226 and CD96 ligands (CD155, CD112, CD231 and CD54, which is the ligand for LFA-1) can form homophilic dimers and serve as receptors for Poliovirus, 36 some strains of the for mouse CD226) are indicated by r and *, respectively. The murine CD226 ORF encodes a protein of 333 amino acids, which is 3 amino acid shorter than that of human CD226. Compared with human CD226, mouse CD226 has 53% identity at the amino acid level, while human, gibbon and monkey CD226 protein have the same length of 336 amino acid residues and their CD226 sequences have 93-95% amino acid identity.
IgSF members' interface with multiple immunological functions ZW Xu and BQ Jin 13 herpes simplex virus, 2,37 Rhinovirus 38 and Reovirus, 39 respectively. Interestingly, these cells are known to allow endocytosis of the corresponding virus via interaction with their V domains (Figure 4 ). More recently, it was found that the human cytomegalovirus viral product UL141 can block CD155, impeding signaling through the activating receptor, CD226, on NK cells and contributing to the protection of virus-infected cells from NK-mediated attack. 40 Interactions of CD226 and CD96 with their ligands contribute to many of the immunological functions that are characteristic of various immunocytes, including lymphoid cells (Th, cytotoxic lymphocyte, NK and NK T) and myeloid cells (monocytes, dendritic cells, platelets/megakaryocytes lineage and mast cells) ( Figure 5 ).
(i) The balance of the expression of activating and inhibitory receptors on the NK cell surface and their ligand expression on target IgSF members' interface with multiple immunological functions ZW Xu and BQ Jin 14 cells determine the cytotoxicity of NK cells. 41 In addition to the expression of NK receptors and ligands, reduced or lack of MHC class I molecule expression, which serves the major ligands of NK inhibitory receptors, is also required for NK cytotoxicity. 41 CD226 is a major activating receptor on NK and activated T cells and mediates the cytotoxicity via its binding to CD155 or/and CD112 on target cells (e.g., tumor cells). 41 The susceptibility to lysis by NK cells directly correlates with the surface expression of CD155 on some tumor cells. The downregulation of PVR/CD226 in some forms of leukemia could be involved in tumor-escape mechanisms. This property has recently received a great deal of attention. [42] [43] [44] In vivo experiments using syngeneic mice also indicated that CD112-or CD155-transduced RMA tumor cells could be rejected by CD226-expressing CD8 1 T and NK cells. 45 It should be noted that CD226 could not induce cytotoxicity by resting NK cells. However, using crosslinked monoclonal antibodies, CD226 synergized with CD16, 2B4/CD244 or NK p46/CD335 on resting NK cells, increasing the levels of Ca 21 flux and cytokine secretion (tumor-necrosis factor-a and interferon-c) and enhancing the cytotoxicity of resting NK cells, as determined by the redirected lysis assay. 46 Similar to CD226, CD96 promoted NK killing activity by the interaction with CD155 on targets. 24 An advance in the role of NK cell recognition of nectin and Figure 4 CD155, CD112, CD321 and CD54 serve as virus receptors. CD155 and CD112, the ligands for receptors CD226 and CD96, and CD54 and CD321, the ligands for LFA-1, which is closely associated with CD226, serve as receptors for Poliovirus, herpes simplex virus (HSV) and Rhinovirus and Reovirus, respectively. In addition, human cytomegalovirus (HCMV) viral product UL141 can block CD155, which may contribute to the protection of virus-infected cells from NK-mediated attack. CTL, cytotoxic lymphocyte; DC, dendritic cell; iDC, immature DC; Ig, immunoglobulin; JAM-1, junctional adhesion molecule-1; LFA-1, lymphocyte functionassociated antigen-1; NK, natural killer; TCR, T-cell receptor.
IgSF members' interface with multiple immunological functions ZW Xu and BQ Jin 15 nectin-like proteins in tumor immunosurveillance was recently reviewed. 47 (ii) CD226 is involved in LFA-1-mediated costimulatory signaling that triggers naive T-cell differentiation and proliferation. 48 Importantly, in vivo anti-CD226 treatment significantly reduces Th1 cell expression. It also delays onset and reduces the severity of the Th1-mediated autoimmune disease, experimental autoimmune encephalomyelitis, suggesting that CD226 is a costimulatory molecule that may play an important role in activation and effect functions of Th1 cells. 49 It should be pointed out that CD226 could participate in earlystage T-cell development, since the murine CD226/Ig fusion protein could inhibit the production of thymocytes, particularly decreasing the proportion of CD4 1 CD8 1 and CD4 2 CD8 1 subpopulations during fetal thymus organ culture (unpublished data).
(iii) CD226-expression deficiency may cause death receptorinduced apoptosis of NK T cells from systemic lupus erythematosus patients. 50 (iv) CD226 mediates platelet activation and aggregation, as well as platelet and megakaryocyte adhesion to vascular endothelial cells. 14, 51 Moreover, CD226 was expressed on Lin 2 cells derived from human adult bone marrow; when CD34 1 cells from adult bone marrow were incubated in the presence of CD226 and LFA-1 monoclonal antibodies, the ploidy of generated megakaryocytes was significantly shifted to high classes. 52 (v) The interaction of CD226 and CD155 regulates monocyte migration through endothelial junctions. 53 In addition, JAM-1 molecules also contribute to LFA-1 dependent trans-endothelial migration of T cells and polymorphonuclear neutrophils, as well as LFA-1-mediated arrest of T cells. 9 (vi) In the mouse, CD8 a 1 DCs also express CD226, and crosslinking CD226 induces maturation of CD8 a 1 DCs. 45 On the other hand, the interaction of CD226 with CD155 and CD112 contributes to NK-mediated lysis of immature DCs and mature DCs. Analogously, mature DCs are protected from NK-mediated lysis by high surface expression of HLA class I molecules on mature DCs; these act as ligands for inhibitory receptors on NK cells. Immature DCs are efficiently killed by NK cells due to CD226 function. Therefore, CD226 might play a role in NK-mediated 'quality control' of DC maturation by selecting those DCs that show a high expression of HLA class I molecules and costimulatory ligands, optimizing their ability to prime T cells. 54 (vii) Human mast cells express a high level of CD226 and eosinophils express CD112. CD226 synergized with FceR I on mast cells and its engagement augments degranulation through a pathway involving Fyn, LAT, PLCc2 and CD18. Blocking CD112 expression on eosinophils with neutralizing antibodies normalized the hyperactivity resulting from IgE-dependent activation of mast cells cocultured with eosinophils. 55 (viii) Activated NK cells are capable of killing mesenchymal stem cells; this may be due to interactions of the activating receptors (NKp30/CD337, NKG2D/CD314 and CD226) on NK cells with their ligands (ULBPs, PVR/CD155 and nectin-2/CD112) on mesenchymal stem cells. 56 
CONCLUDING REMARKS
Information about the structure and function of CD226 and CD96 and their ligands has significantly increased in past few years. However, the cell signaling pathways triggered by CD226 and CD96 are still poorly understood. Therefore, additional studies could focus on putative cellular signaling pathways that engage the cytoplasmic domains of CD226 and CD96. The relationship between membrane molecules and the soluble forms of their ligands and receptors is unknown, and the in vivo physiological and pathological significance of the receptor families discussed above requires further investigation. Figure 5 The interactions of CD226 and CD96 with their ligands participate in multiple immunological functions. Detailed explanations are described in Table 1 . CTL, cytotoxic lymphocyte; DC, dendritic cell; NK, natural killer.
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